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Figure 2-1. Schematic drawing of an interferometric optical profilometer, in the case of a Michelson 
interference objective and a sample vertical scanner. 
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Figure 2-2. Michelson interference objective implemented in the interferometric optical profilometer. 
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Figure 2-3 Fringe patterns recorded a) on a pressurized metallic membrane and b) on a transparent 
silicon nitride membrane on silicon. 
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Figure 2-4. Pixel intensity recorded as function of sample translation with a white light scanning optical 
profilometer on a Al/Si sample. 
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Figure 2-5. Two examples of 3D profiles measured by (a) phase shifting interferometry and (b) white 
light interferometry. 
?????? ???? ????????? ???? ???? ????????? ??? ???? ????????? ??? ???????? ???????????????? ??????????????
???????????????????????????????????????????????????????????????????????????????????????????????????
















76 78 84 80 82 
a) Hollow surface after KOH etching, 
    depth 420 µm, roughness rq=15 nm; 
b) MEMS resonator  
     (poly MUMPS). 
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Figure 2-6: Main configurations of interference objectives used in optical profilometers??
?????????? ????????????? ?????????? ???????? ??????? ?????? ???? ?? ????? ????? ????????? ???? ?? ????????
???????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????? ????????????????????????????????????????????????????????????
??????????????? ??? ??? ????? ?? ????? ???????? ?????? ????????????? ?????????? ???????? ?????? ??? ????????
????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????????
????????? ??????? ??? ???? ?????????????? ??????? ????? ??????? ???????? ????? ??? ????? ?????? ?? ???????
?????????????? ???????? ??????????? ??? ?????? ??? ???? ??????? ??????????????? ???? ?????????? ??????????? ????
????????????? ??????? ??? ???? ??????? ???? ???? ??? ???? ?????????? ??????? ???? ??? ???? ???????????????? ????
?????????? ???????? ??? ????? ???? ??? ???? ??????????? ???? ????????????? ?? ?????? ???????? ?? ??????????
?????????????????????????????????????????????????????????????????????????????????????




???? ??? ??????? ?????????? ??? ?? ?????? ??? ????????????? ???? ????????????? ?????? ??????????? ??????????
??????????????????????????????????????????????????????????? ??????????????????????????????????????????


















Chapter 2. State of the Art of Mirau Interferometers and theirs Applications 
???
??????? ??????? ?????? ????? ?? ??????? ???????? ???? ??????? ?????? ????? ??????????? ?????????? ???? ??????
????????????????????????????????????????????????????????????????????????????????????????????????????????




Chapter 2. State of the Art of Mirau Interferometers and theirs Applications
???
??????????????????????????????????? ??????????? ?????????????????????
???????????? ?????? ???????????????? ???? ???? ???????? ??????????? ?????? ???? ??????????????? ????
?????????????????????????????????????????????????????????????????????????????????????????????????????





?????? ???????????? ??? ???? ??????? ????????????? ?????? ??????????????? ?????? ??? ???????????? ???
?????????????????????????????????????? ??? ??????????????????????????????????? ???????????? ????????????
??????????????????????????????????????????????????????????????????????????????????????????????????
??? ???? ????? ??? ??????????? ?????? ?????????? ????????????? ??? ???? ?????? ????? ???????????? ????
????????????????????????????????????????????????????????????????
?
Figure 2-7. Schematic diagram of a polarization Mirau interferometric profiler. 
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Figure 2-8. Schematic diagram of an immersion Mirau interference objective. 
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Figure 2-9. Configuration of an EUV interferometric microscope. 
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Figure 2-10. (a) Schematic of an interference microscope with a micro-machined Mirau interference 
objective, (b) cross section drawing of the micro-fabricated mirror of the Mirau interferometer. 
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Chapter 2. State of the Art of Mirau Interferometers and theirs Applications 
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Figure 2-11. Schematic drawing of an integarated Mirau interferometer integrated with an UV objective 
lens. 
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Figure 2-12. Schematic view of Mirau interference microscope investigated in the SMARTIEHS European 
project. 
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Figure 2-13. Fabrication process the integrated Mirau interferometer in SMARTIEHS project.  
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Chapter 2. State of the Art of Mirau Interferometers and theirs Applications 
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Figure 2-15. Schematic drawing of the tunable Mirau interference objective investigated in VIAMOS 
project.  
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Figure 2-17. (a) Schematic cross section of Micro-machined Fabry-Pérot interferometer, (b) drawing of 
the commercial product with illustration of the integration composition. 
??????????????????????????????????????????
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Figure 2-18. FTIR microsystem fabricated on one Si wafer.  
?
Figure 2-19. (a) SEM image of large motion range, resonance actuated micro scanning mirror, (b) 
assembly illustration for a FTIR prototype system. 
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Figure 2-20. Schematic layout of an OCT setup with an integrated Mach Zehnder interferometer chip. 
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Figure 3-1. Illustration of the work performed in this thesis: miniaturization of macroscopic Mirau 
interferometer by an integrated version. 
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     Integrated Mirau interferometer 
• Applicable for both low coherence  
  interferometry and phase shifting  
  interferometry; 
• An out-of-plane scanner with large 
 scanning range (> tens of μm ) and  
  high resolution (?1 nm); 
• Low response time (< one video  
  frame time, ?40 ms); 
•.Good immunity to external disturbance; 
• Wide working spectral range  
  covering UV, visible and NIR; 
• Able to compensate interferometric gap 
variation due to fabrication defects. 
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Figure 3-3. Schematic diagram of proposed optical profiler. 
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Figure 3-4. Schematic 3D drawing of the tunable Mirau interferometer. 
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Figure 3-6. Schematic drawing of a pair of fingers of the bidirectional vertical comb-drive actuators.  




























V5 V4 V2 
V1 
V4 




??????????????????? ????????? ???? ???????????? ?? ??????????????????????????????? ?? ???????? ????
???????????????????????????????????????????????????????????????????????????????????????????????????
????? ??????????? ??????????????????? ???? ?????????????? ????????? ??????????????? ?????? ?????????? ????
??????????????????????????????????????????????????????????????????????????????????????????????????????????
??? ???????????? ??? ?? ????? ?????????????? ??? ????????? ?????? ???? ??????????? ????????????? ????????? ??? ????
???????????????? ?????????????????????????????????????? ???? ?????????????????????????? ???? ????????? ????
???????? ?????????? ???????? ????????? ???? ????????? ???????? ??????? ??? ?? ????? ????????? ???????
??????????????????????????????????????????????
?
Figure 3-8. Schematic diagram of the Mirau interferometer. 
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Figure 3-9. Optical reflectance at normal and 
36.87? incidence with a function of wavelength. 
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Figure 3-11. Optical path difference of the proposed multilayer Bragg mirror membrane calculated by 
neglecting internal reflections for ?=36.87° as function of wavelength. 
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Figure 3-12. (a) Illustration of beam aberration from a transparent film and (b) plots of rA/rD versus 
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Figure 3-14. Ratio of transverse to vertical electrostatic force as function of misalignment ratio x/g for 
different values of O/g. 
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Figure 3-15. (a) Cross section of different configurations analyzed by FEM simulation with a potential 
difference applied between cyan and purple box, : two simple  electrodes in infinite space, : two 
fixed electrodes with one movable electrodes, : multilayer electrodes with additional conductors 
(white boxes), : multilayer electrodes with conductors and insulators (red boxes). (b) Electrostatic 
force per unit length as a function of overlap under the condition: l=25 µm, w=10 µm, g=5 µm, U=50 V, 
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Figure 3-16. (a) Single pair of comb finger modeled by finite element simulation with infinite and 
periodic boundary condition. (b) Rectangular mesh with regular shape used for the simulation. 
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Figure 3-17. Contour plot of electric potential distribution of one pair comb finger, under the condition 
that two electrodes are biased at 50 V and other two electrodes are discarded with floating potential. 
Note that, Displacement (D)=1.5 µm + Overlap (O) 
 
Figure 3-18. (a) Electrostatic force per unit finger length versus vertical displacement under the 
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Figure 3-20. (a) Miller Indices in a cubic crystal. Typically [hkl] represents a direction vector given by hkl, 
and (hkl) represents the crystal surface perpendicular to vector [hkl]. And <hkl> represents the family of 
symmetric directions vectors equivalent to direction hkl, (b) a standard (100) Si wafer, (c) the primary 
flat of (100) wafer is along [110] direction. 
?
?
Figure 3-21. Variation of elastic constants of (100) silicon as function of direction in the plane, E=Young’s 
Modulus, G= Shear modulus, n= Poisson ratio. 
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Figure 3-22. Geometric model (a) with applied rectangular mesh (b) for 2D modeling, and 3D geometry 
(c) with applied rectangular parallelepiped mesh (d) for the same serpentine spring. Dimension: n=6, 
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Figure 3-23. Serpentine springs constituted by (a) single polysilicon and (b)a Si/SiO2/Si (25/1.5/25 μm) 
multilayer and their corresponding meshing (c), (d). For these two springs, n=6, a=70 µm, b=70 µm, 
ws=10 µm, t=51.5 µm, Si layer uses orthotropic elastic constants as given before, SiO2 uses the isotropic 
elastic constants: E=70  GPa, ν=0.17 [Kim-1996].  

































































Figure 3-24. (a) Top view of movable part of the proposed scanner with distributed comb fingers and 
serpentine springs. Red arrows represent x directional electrostatic force applied by four parts of the 
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Figure 3-25. (a) Relationship between K/Kmin and x/g. (b) Part of the movable scanner with collision 
stopper. 
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Optical design results 
Double SOI wafer thickness 
DRIE limitation Electrostatic 
force analysis 
Device dimensions 






Scanning loop of 
analytical calculation 
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Figure 3-28. Electrostatic force, weight and spring restoring force as function of vertical displacement of 
the scanner structure and resulting equilibrium positions for a 50 V applied voltage. 
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Figure 3-30. (a) Equilibrium position between spring force and electrostatic force with different applied 
voltage. (b) Curve of displacement with a function of applied voltage. 
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Figure 3-32. Displacement produced by asymmetric vertical electrostatic force under a base 
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Figure 3-33. (a) Displacement under 4 µN applied parallel force; (b) Electrostatic force simulation under 
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Figure 4-1. (a) Electric field distribution for vertical actuation and (b) simplified fabrication process flow 
chart of electrostatic levitation method of vertical comb drive. 
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Figure 4-2. (a) Driving principle of electrostatic resonance actuation and (b) its simplified fabrication 
process flow chart. 
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Figure 4-4. (a) Electric field distribution for vertical actuation and (b) simplified fabrication process flow 
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Figure 4-5.Process flow chart of trench refilling method for the fabrication of a vertical comb drive. 
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1. First two lithographies; 4. Trim the lower comb fingers; 
6. TMAH bulk Si etch and  
     structure release. 
3. Trench refilling by thermal   
     SiO2 and poly-Si; 
5. SiNx protection layer for later 
bulk Si etch; 
2. Delay mask etching; 
Si SiO2 SiNx Resist Poly-Si 
Chapter 4.Technological Tests and Fabrication of Micro-Mirror Vertical Scanner 
??
???????????????????????? ???? ????????? ???? ?????? ???????? ???????????????????????????????? ??????????? ???
????????????????????????????????????????????????????????????????????????????????????????????????????????




Figure 4-6. (a) Motion capacity of three electrodes and five electrodes geometries, (b) simplified 
fabrication process flow chart of custom SOI bonding method of vertical comb drive. 
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    polishing; 
3. Second lithography; 
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Figure 4-7. (a) Motion capacity of different electrode geometries, (b) simplified fabrication process flow 
chart of multilayer vertical comb drive. 
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Figure 4-8. (a) Cross section view and (b) bird view of the first fabrication step of vertical scanning mirror.  
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Figure 4-9. (a) Cross section view and (b) bird view of the second fabrication step of vertical scanning 
mirror.  
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1. Double SOI wafer: Si/SiO2/Si/SiO2/Si; 
2. Front side Si/SiO2/Si DRIE;  
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Figure 4-10. (a) Cross section view and (b) bird view of the third fabrication step of vertical scanning 
mirror.  
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Dry film Etch here 
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4. Au/Ti contact by deposition through 
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Figure 4-12. (a) Cross section view, (b) topside bird view and (c) bottom side bird view of the fifth 
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Figure 4-15. (a) Infrared observation set-up and visualized NIR images of bonded wafer (b) before 
annealing and (c) after annealing. 
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Figure 4-16. Infrared images of (a) spontaneous bonded wafer after chemical activation or (b) after O2 
plasma treatment followed by (c) a high temperature annealing. 
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Figure 4-17. Infrared images of a fabricated wafer (a) after chemical activation and initial bonding 
process, (b) after high temperature annealing, (c) after grinding and polishing processes.  
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a) After chemical activation and 
initial bonding process 
?
b) Wafer of (a) after annealing 
process 
?
c) Wafer of (b) after thinning 
process 
?
c) Wafer of (b) after annealing 
“Backside” fringes Fringes disappear 
b) Spontaneous bonding after 
O2 plasma treatment 
a) Spontaneous bonding after      
chemical activation 
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Figure 4-18. Processing flow of thickness measurement based on FTIR.  
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Figure 4-19. Simulated transmittance coefficient versus wave number of (a) a bare Si wafer and (b) a 
composite wafer.  
?
Figure 4-20. Spectrum data from Figure 4-19 after sampling and fast Fourier transform. 
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b) Bare Si wafer (300 μm) 
a) Composite wafer (Si/SiO2/Si, 
300 μm/170 nm/200 μm) 
a) Bare Si wafer (300 μm) after sampling and FFT b)   Composite wafer (Si/SiO2/Si, 300 μm/    
      170 nm/200 μm) after sampling and FFT 
Peaks (Si substrate) Sub peaks (thinned Si layer) 
Primary peaks (Si substrate) 
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Figure 4-21. Measured spectrum data of a thinned composite wafer after Fourier transform operation. 




??????????????? ?? ?? ?? ?? ?? ?? ?? ?? ?? ??? ??? ??? ???














































Figure 4-22. (a) Location of different spots during thickness measurement and (b) layer stacks of 
measured wafer.  
?
?
b)  Magnificated view of the area surrounded   
     in the red dashed ellipse. 
Surface flat 






Sub peaks (thinned Si layer) 
Primary peaks (Si substrate) 
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 Figure 4-23. (a) Thickness plot of thinned Si layer along the circular border and (b) 3D illustrating 
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a) Top view  
b) Cross section view  
c) Bare Si wafer 
Top side 
Bottom side 
Thinned Si layer 
Si substrate layer 
0° axis  
90° axis  
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Figure 4-24. (a) Drawing of the scanning lines used, (b)? definition of wafer sides and (c,d,e) plots of 
obtained surface profiles along different scanning lines and on different wafer surfaces.?
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Figure 4-25.Fabrication process flow chart of first topside patterning. 
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1. First lithography using photoresist AZ4562; 2. Temporal bonding to another support wafer; 
3. Three layer DRIE in one ICP; 4. Debonding the support wafer. 
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Figure 4-26. (a) Plot of measured trench top and bottom widths versus exposure dose, (b) example of 
cross section image obtained with a metallurgical microscope.    
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Mask design (5 μm) 
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Figure 4-28. (a) Schematic diagram and (b) SEM image of SiO2 etching test??
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a) Schematic diagram of Si etching test b) SEM image of obtained profile 
a) Schematic diagram of SiO2 etching test b) SEM cross section of the profile of SiO2 etch 
a) Schematic diagram of SiO2+Si etching test 
b) SEM image of obtained 
trench profile with a zoom 
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Figure 4-30. (a) Schematic diagram and (b) SEM image of Si+SiO2+Si etching in the same ICP equipment, 
(c) bird view of etched comb fingers??
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a) Schematic diagram of 
Si+SiO2+Si etching test 
b) SEM image of Si+SiO2+Si etching test 
c) Bird view of etched comb fingers 
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Figure 4-31. A test of spin coating photoresist on a highly structured surface. 
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Area has been etched 
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Figure 4-32. Different possible solutions for the fabrication technologies on highly structured surface. 














a) Dry film method b) Spray coating method 
c) Shadow mask method 
d)   Delay mask method 
Dry film 
Etch 
Spray coated liquid photoresist 
Etch 
Capillary Shadow mask 
Etch 
Mask layer 1 
Mask layer 2 
First DRIE 
Second DRIE 
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Figure 4-33. (a) Roll of dry photoresist film, (b) composition of the dry film and processing method of the 
different layers during lamination. 
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Figure 4-34. (a) Schematic drawing and (b) microscope image of a patterned dry film on a Si wafer with 
deeply etched trenches.    
????????????



















Open hole by dry film 
Trenches on the wafer 
Open hole by dry film 
over large cavity 
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 Figure 4-36. (a) Microscope image and (b) SEM image of DRIE test using a dry photoresist masking film. 
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Figure 4-37 (a) Technology principle, (b) microscope image and (c) SEM image of metallization at two 




Si SiO2 Dry film Au/Ti 
a) 
300 μm 
First three layer DRIE masked 
by photoresist AZ4562 
20 μm 
Second DRIE masked 
by dry film 
250 μm 
Electrode Electrode on the second Si layer 
200 μm 
Electrode on the top Si layer 
b) c) 
200 μm 
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Figure 4-38. (a) Bird view and (b) cross section SEM image of a patterned dry film photoresist 
respectively showing electrode wrinkles and dry film residues on bottom edge. 
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Figure 4-39. Fabrication process flow chart of backside etch and structure release. 
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2. Wafer flip and temporary bonding to 
a support wafer; 
3. Backside Si DRIE down to buried oxide; 
5. Removal of the support wafer and release 
of the whole structure. 
4. Chemical etch of the buried oxide;  
1. Double SOI wafer after topside processing; 
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Figure 4-40.  Backside DRIE on SOI wafer. 
?
Figure 4-41.  Released serpentine spring made from the device layer of SOI wafer. 
?????????????????????????????????????????????????????????????????????????????????????????????????????
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Figure 4-43. SEM images of finished mirror scanner fabricated from a double SOI wafer. 
?
Vertical combs Serpentine spring 
Central mirror with curved beams Electrodes on top and lower Si layer 
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Figure 4-44. Variation of residual stress of PECVD SiNx and SiO2 layers as function of 1 hour annealing 
temperature. 
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Figure 4-45. Fabrication process flow chart of dielectric multilayer beam splitter membrane. 
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Figure 4-46. Released multilayer beam splitters with different membranes sizes on a silicon wafer. 
?
(b) Close view of large 
area membranes 
(a) Picture of a Si wafer with octagonal 
12 layers membranes  
support wafer 
1. PECVD multilayer membrane; 
5. Etching of the the remaining Si by 
XeF2. 
4. Removal of the support wafer; 3. Backside DRIE until 10-20 μm Si remaining; 
2. Temporary bonding to a support 
wafer; 
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Figure I?1.  Principaux objectifs interférométriques utilisés en profilométrie optique. 
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Figure I?2. (a) Profilomètre avec interféromètre Mirau adapté pour la lumière polarisée. (b) Objectif 
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Figure I?3. (a) Miroir d’interféromètre Mirau microusiné et (b) Interféromètre Mirau UV microusiné. 
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Figure I.4. Microscope interférométrique Mirau étudié dans le projet européen SMARTIEHS. 
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Figure I.6. Schéma du système de tomographie optique cohérente hétérodyne du projet VIAMOS.?
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Figure I.7. Matrice d’nterféromètres Mirau intégrés avec système de balayage du projet VIAMOS. 
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Figure II.1. Schéma d’un profilomètre optique intégrant un interféromètre Mirau intégré. 
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Table II.1. Empilement de 
couches de la séparatrice. 
Figure II.4. Réflectance optique de la séparatrice 
pour une incidence de 0° et 36.87° en fonction de la 
longueur d’onde.  
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Figure II.5. Distribution du potentiel et force générée par unité de longueur en fonction du déplacement 







Figure II.6. Schéma d’un ressort de type serpentin. 
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Figure II.7. Géométrie globale de la partie suspendue du système de balayage du miroir de référence. 
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Figure II.8. Cartographie des déplacements de la structure mobile pour une tension de 50 V.  
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Figure II.9. (a) Positions d’équilibre entre la force électrostatique et la force de rappel des ressorts, (b) 
Déplacement en fonction de la tension appliquée. 
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Figure III.1. Vues en coupe des étapes de fabrication du système de balayage du miroir. 
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Figure III.2. Schéma de principe du procédé de fabrication de double wafers SOI. 
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Figure III.3. Images infrarouge de wafers Si et SiO2/Si assemblés (a) après soudure initiale (b) après 
recuit haute température. 
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??????????????????????????????????????????????? a)                                                                                 b) 
Figure III.4. Analyse FFT du spectre d’absorption infrarouge d’un substrat SOI (a) simulation pour un 
substrat Si  300 µm, (b) mesure pour un substrat Si 300 µm/SiO2 170nm/Si 200 µm. 
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Figure III.5. images en coupe de microscopie électronique (a) d’une tranche gravée dans Si, (b) de dents 
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Figure III.6. Exemple de lithographie sur une surface comportant des tranchées et résultat d’une gravure 
de Si avec un film sec comme couche de masquage.  
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Recouvrement de tranchées 
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Figure III.7. Métallisation multiniveaux avec un film sec photosensible comme couche de masquage. (a) 









Si SiO2 Film sec Au/Ti 
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Figure III.8. Etapes du procédé de libération de la structure mobile. 
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Figure III.9. Ressorts serpentins libérés d’un wafer SOI et d’un wafer double SOI. 
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Figure III.10. Image de la structure mobile en technologie double SOI ayant subi les étapes principales 
du procédé de fabrication. Taille de la puce 9 mm x 9 mm. ?
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Figure III.11. Variation de la contrainte mécanique résiduelle dans des films déposé par PECVD en 
fonction de la température de recuit (durée 1 heure). 
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